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Absrract--Nornial transitinon end a subsequent quench were 
cmpcrienced d t h  t l ic  pool-cuoled hclical coils of the Large 
tIelIcal L)cyicc (1,Irn) daring its cxcitatinn test. Although the 
initiated normal mne oncc started i n  recnvcr, n disriipiive 
transverse pmpagatioii followed and triggcrcd nn emergency 
discharging progrrni.  The cryngcnic stabllity of  the 
com posite-type su~~crconductor has becn studied hy srmplc 
expcriiiicnts as well as by ni imericd calculations. Duc to the 
rather long magnetic diffusion iimc constunt In  the purc 
alumillom stab i i im,  transient stnbilityof the condiictor sccnis 
to play an irnportnnt ro le  f u r  driving finite prupagation of A 
noi'nial mne. Thc cause of the f inal  quench is alsn dlsciifiscd 
from tho vicwpoint cif cooling dctcrioration duo to a possible 
acciimtilrtior~ of helium buhhlcs. 
I. IN'IKOUUC'I'ION 
The constniction ofthe I.,argc Helical Device (LHD) has becn 
successfidly completed with a fill ly supci~conducting coil 
systein [ I ] ,  and fusion-i.clcvant plasma experiments are 
ongoing with a heliotron inagiictic configuration that rquircs 
nn toroidal plasma current [Z]. The one pair o f  two lielical 
coils (TI1 and H2) h v e  a major radius of3.9 In and arc pool- 
cooled with 4.4 K liquid helium in the prcsciil Plisse I 
condition. 111 the Phase I1 program of LI-ID, I .8 K Hcliuin 11 
wi l l  bc suppliod and the maximum stored inngnetic cncrgy 
will reach up to I .6 G3 with a toroidal magnetic field of4 T, 
I<ach of' the two helical coils consists of tlircc inilcpendent 
blocks, H-I (iiiner), 1-1-M (middlc) and I LO (outer), and the 
wholc windings are contiiind in thick stainless stccl moil- 
CBIIS .  The corresponding blocks of the two coils arc connected 
in series to three individual DC power s u p p l i ~  through six 
wperwnductiag bus-lines. For quciich detection, balance 
voltages are measui'd between each corrcsponding block, For 
cxamplc, the HI-I balance voltage i s  given by subtracting thc 
terminal voltage of the 112-1 block fimi that of the 1-11-1 block 
in B quench detection circuit. 
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During the cxcitation tcsts of LI-ID aiiiiing ai a nominal 
toroidal field of 3 T at 4.4  K, normal transitions occutrt.d at 
the inncimost laycrs ofthc helical coils, and a mil quench 
bllowetl at the toroidal ficld of 2.75 T .  TIE details of lhis 
entire cvcnt including the general excitation characteristics of 
the helical mils are described i n  [?.I. In this paper, the 
cryogenic stability of the winding conductor is discussed 
based on sainplc conductor. tests and comparison with 
numerical calc~ilatioiis h r  investigating Llic cause of the 
normal transition. The final quench went is also c x m i n d  
*on1 the viewpoint d cooling deterioration, based oil the 
experieiices obtained with I<&D coils. 
Fig. 1 shows the wavefirins o f  thc " m a d  balance volhge 
signals Br the three Mocks o f  the l~elical coils during the 
quench event. A tmspoi t  currcnt of 11.45 kA wi ls  being 
supplied tn each block bcfbre the emergency dischxgc. As is 
inkrred tom the positive rise ofthc 11-1 halancc voltage (at t = 
2560 2580 2600 2620 2640 2660 
Time (s) 
Fig, 1 Wnvcfbrim orthc balfincc voltngc signals ncasiirad b r  
thc thrcc I~locks ~I ' thehclical  coils,  during a qiicneli cvctit a i  a 
toroidal licld oC2.75 'F. Mngnciic licld nwsurcd by a Ilall 
probe on ilia coi l -cm i s  also shown. 
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2600 s) in Fig. I, a normal mire was initiated in thc HI-I 
block. According to thc normal contlocting resistivity of the 
superconductor' obtained by previous sample tests, the 
initiatd normal zone Gin be estiniated 10 llave dcvelopwl over 
spprooximately 15 m arid then it staitcd tu shrink (at t = 2607 
s). It might be reasonable to consider that a nommal zoiie was 
initiated at the iiineimost laycr of HI-1 block, where thc 
magnetic field becomcs thc highest. According to tlic spikc 
signals seen on the balance voltnges, the initiation of normal 
zones s o "  10 bc brought on by mechanical disturbances 
duc to thc largc clwtromagiictic &ce acting on thc windings. 
Despite the gradual recovering process of the normal zone, 
sudden anti simultanmus iiicreascs uf thc balance voltages 
occurrecl for dl three blocks (at t = 2621 s), which finally 
triggered the quench detwtoix. Then thc emergency 
rliscliargiiig process weiic into action (at t = 2627 s) as i t  was 
programmed to do. Subsequently, the entire superconducting 
coil systan, iiiclurling the poloidzll coils and bus-liucs, wcrc 
safkly dischrugwl with a time wiistaiit af 20 s, together with 
thc proper action of tlic cryogenic systciii [4]. 
For the pool-cooled helical coil windings, a NbTiiiCu 
coniposit&typc super~nductor is uscd wih a high pittity 
aluminum stabilizer find a cupper j;rckct. One of the key 
fiacaturcs of this conductor (si7x: 12.5 inm x 1 X inm, nominal 
current: 13.0 kA at 6.9 T) is that CuNi is used, instead of 
conventional copper, as thc clad material around thc pure 
aluminum core to rd i ice the parasitic Hall current generation 
Sumrconductor? KtSO-32 
Fig. 2 Schcnuticdrnwing oca douhlcpaiicnkc coil, HELIUT. Tlic 
;ntcrnaI slruclurc orthe superconductor i s  nisi) shown, 
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F i g 3  l'ypical wavcfhrm of'llic nxasiircd sigiinls on {tic H&13 coil 
HELIUT tliiriiig o siability tcst. (a) Transport currenl and heater 
pciwcr, (h) a loiigitudinal voltngc A t  t l i c  inncrnnst iaycr wilt1 a 
126 m tap, and (c) condiictor surhcc tciqmaiures In (h), tlic 
lliick solid liiic i s  givcn by nuincricnl sitntiletian. 
[S, 61 that deteriordtcs tlic e ikt ive i~~agrietorasistivity uf 
aluminurnlcoppcr composites and hence the cryogenic 
stability or tho i"wery current ofthc conductor. 
Thc cryogenic stability of this superconductor has bccn 
intensively s t u d i d  by preparing a number or short samples 
[7] as wcll as R&D coils [8]. A shoit saniplc consists of two 
or bur straight conductors, each 2 in long and soldoretl 
together in series. Fig. 2 illustrstes onc of thc R&D coils, 
namcd I-IBLKJT, which has double puncakc. windings (inner 
radius: 134 nim, oiitcr radius: 227 nun), each 5 turns, and a 
total conductor length of 13 tn. Both shofl sainplcs and coil 
saniples have heen tested in B supeiwnductor tcst ficility with 
a 9 T split-mil, 100 kA current leads, and 75 kA DC power 
supplies. The sample conductors werc dircctly cooled by 4.4 
K liquid helium and stability tests wcrc pcrhiinccl using tiny 
resistive heaters installed on the condoclor WII%W to initiate a 
iionnal zone. The recovety currents and stability margins 
wcre measured by changing the bias magnetic fiold. 
Fig. 3 shows a typical cxamplc of thc w a v c h "  of a 
longitudinal voltage signal ' as we1 I as temperiiturr: sigiials 
nieasurcd Br tlic R&D coil IIELIUT. In this case, thc 
niaximuin. ficld on the innennost conductor was 6.8 T by 
adding the sclF-field gnerated by the sample coil curwnt of 
12.5 kA to the bias field of 6.4 T.  As is sccn in Fig. 3(b), 
ater the initiation of a nonnal 7 m e  by the heater power, a 
longitudinal voltage develops with a short-time excess rise at 
the beginning of the propagation. This peak voltage seems to 
be bmuglit on by the magnetic difbsion process in tlie piirc 
aluminum core. A simple one-dimensional analysis gives a 
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time conslant of 84 ms which is kirly close tu the incasuid 
valuc of 97 nis determined from thc vollagc signal. 
Fig. 4 shows the dependence of thc mcasurccl propagatioil 
velocity o f  nonnal zoiios on the tiansport current. Data are 
taken b i n  somc of the shoit sample tests as well as the 
I-IELlUT coil with the magnetic tield of 7 T. One important 
point bund in  Fig. 4 is that we obsave finite pn)pagation of  
a nonnal zone evcn with a twnspoit ciirreiit lower than the 
'cold-end' recovay cuireiit. In this rcgion, an ioitiatcd 
nomial mnc develops over a iew nicterr: lmigtli within a kw 
s a n d s  time and then it CMSBS to propagate h t h a '  and 
shrinks back to the supercondacti ng statc. 
Numerical ci~latlations with s o ~ h i s t i ~ r l t d  computer codes 
have bccn conducted [9] 6 r  solving elcctmmagnetic arid 
thermal processes inside of thc prcsciit conrliictor. In thc 
cdculation, degi-adation o f  the cf lkt ivc resistivity of 
alurninum/coppcr composites due to Hall cumnt generation 
is taken into account with n simple incidel, and the dynamic 
current di%sioIi pn)ccss inio the aluminum core is properly 
treated. In Fig. 3(b), the Iongitudinal voltage obtained by the 
calculatioii is shown, which givcs Cirly good agrement with 
the measured wavchmi at the initial phase. Hasetl on this 
good agreement between the two, it was confiiinud that the 
peak voltage can bc explained by a current difiwion process 
into ttic alutninuin core, which transiently raluces he 
ciyogenic stabilily and hencc pei-niits normal zone 
propagation, wcii though the transpoit current is lower than 
the steady-state 'wld-end' recovery current. This secins tu be 
a similar phenomenon tu that obscivcd E)r the aluminum 
stabilizcd conductor developed f i r  n SMES project [IO]. The 
propagation velocity evaluated by thc calculatron is indicated 
i n  Fig. 4. For the measurement data, we see a conside~able 
difircnce in thc propagation velocity depending on the 
~iropagation dircction defined as the lip- or ciownstreain side of 
the transport current. This sccms to he related to the Hail 
v d  t a g  geiieinli on, howcvcr, a satishctoiy ex planeti on has 
not yet been made. The calculated propagation vclocity lics 
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between tlic two measured lines. The numerical calculation 
confirms that A finite piupagation is possiblc evcn at a 
transport currail of 9 kA. 
During thc LI-ID excitation tests, normal transitions in the 13- 
I blocks have been obscivcd livc timcs, including the most 
severe one shown in Fig. 1. I n  other cases, the initiatcd 
normal zones losted only Gr rl h v  seconds and recovered, and 
tliiis there lies been no other quench. Tlic important point is 
that evcn hr thc quench case, thc nonnal zone initially 
sliowd a rcccivodng process. Thcse observations seem to be 
exactly consistent with OUT understanding of t lwsicnt 
instability, which was confinned with sample tests. 
Tlic causc of triggcring the final disiuptive transverse 
propagation that led to the quench of the H1 coil could be 
explained by possible rlcterioriitition of woling conditions due 
to an accumulation ofhelim bubbles. As i s  described in 133, 
tom the tempeiatui~ data of the stainless steel coil-cans, i t  is 
inkmd thiit thc quenching process staited at one cross-section 
ofthe H1 coil, where i t  is located below thc equatorial plane 
of the toms. At this location, the gcnemtcd hclinm bubbles 
may have accumulated around the innermost layer o f  the 
windings whcrc tlicy arc positioncil at the tup roof section in 
the coil-can. It was estiinated that the cooling rate should 
decerioratc drasticdly within B fiw sccontls in the tight 
channels formed by windings and spacers. 
This scenario seeins to be supported by the experimental 
observation of a similar quench went that we had alimdy 
cxpaiwiccd with a model supercontlucting h e l i d  coil 1iarnei1 
TON-HH [ L I ]  which was tcstcd through the R&D progisms 
be im crinstnrctirig LIID. TOKI-HR had one helical coil 
(major radius: 0.8 m) with a hclical pitch n u m b a  of3, which 
was about 1/5 thc sizc! of tlic LIID hclical coils. Tho 
composite-type NbTi supcrconductor (s ix:  K mtn x 16 mm, 
nominal current: 8.93 kA at 3.0 T) used  ibr the windings had 
a similar internal stiiicture to that used fbr the LHD helical 
coi Is, but with a convciitional copper-clad aluminum 
stabilizer. A resistive hcatcr of 0.9 m long was installed 
inside of the conductor along the aluminum stabilizer at the 
innmnost layw of thc windings. A number of voltiigc: taps 
were attached on the conductor surhce to pick up a normal 
zone development around the heater area. Fig. 5 shows the 
stability test results obtained at a tmspott cuiyent of9.0 kA. 
As is swn in Fig. S(aj, B r  the caw with an input cncrgy of 
280 W x I s, llic initiatul normal zonccr)mplctcly rccovcred 
in about 6 s aflcr tlic termination of the Iicater cncrgy. On the 
other Iiand, when the energy input was incrwsed to 280 W x 
2 s (Fig. 5(h)j, the initiatcd normal zone could not recover 
and about 9 s d e r  the heater termination, the neighboring 
conductors turried into noiinlil conducting. The important 
point is thiit the IrcoveIy current of the conductor should he 
still h i g h  than this transpoit current as wc sec no 
longitudinal propagation of the initiated noirnal 7 ~ n e  beyond 
the henter installed region. I-Inwevet; whai had bllowod was B 
transverse (turn-to-turn and layer-to-layer) propagiticm of the 
normal mtie, as i s  seen by the voltage developmcnt on the 
neighboring tu~ris. This might bc cxplaiiicd when w e  tnke 
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deterioration of the cooling condition into mxmnt,  Since the 
winding structiire of the TOKI-I-TB helical coil was basically 
similar to that applied tbr thc LHD helical coils, 
accumulation of helium bubbles in thc intcrinc of the coil-can 
could also be possible, especially at the position whac  the 
Iielical coil is located below the cyuatorial planc. 
Another example fir supporting the scenario of cooling 
dctcrioration is bund in the test results o f  the double pancake 
R&D mil, HELIUT. Fig. 3(c) shows the tempemtiire 
development of the inncmiost conductor of this coil during a 
stability test. Cernox scnsolf; wew attaclid on the conductor 
surhce; TI and T2 were located above thc (quatorial plane, 
whereas T3 wcw at below tlie equatorial plane. As is  secn in  
Fig. 3@), although TI and T2 showed teinporaiy decreases, 
T3 continuously increased, which might l ime  I d  to the f d l  
qucnch of the coil at the end. This phcnomcnon might also 
bc explained by the deterioration of cooling conditions, 
especially a1 the lower pait of the coil where it  should have ;In 
casia condition h r  accurnulating helium bttbbles between 
tight cooling channels in a slainlcss s t e l  coil-can. On the 
contiwy, another RGcD coil withoiit a coil-can showed 
significantly higher recovety currents [8]. 
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Fig. 5 Voltage signri ls masurcd in iheR&U helical coil TOKI- 
HB. (n) A rccovcry case ora nornml ronc a n d  (b) a qucnch casc. 
Thc voltagc tap V27-26 covcrs ttic licntcr installed rcgion at ttic 
i n n e r m s l  laycr ol'thc winding and V25-24 is tlic ncighboring 
tap on thc s n m  turn. 0 t h  taps arc on diirerent turns; V23-22 is 
on lhc ncxt turn iii llic S ~ C  laycr and V40-41 o r i  llic i i cx l  Inycr. 
V. CONCLUSION 
Normal transitions and a siibsequetit qua~di were experienced 
by the pool-cool4 helical coils ofLIID. Stability tcsts with 
short samples and R&D coils confirmctl that the conductor 
could become transiently uiistable even though the tmiisport 
cuirent is lower than thc 'colti-end' rccovcry current. 
Numcriml calculations cxplainatl that this is due to the 
ivlatively long diffusion time constant in the aluminum COR. 
Although the initiated tiormal zonc staiterl to rwvcr ,  a 
disruptive transvcrsc propagation scc1nt.d to be triggcrd hr 
all the blocks of the helical coil, which might be caused by 
the deteriomtion ofcooling condition with nn nccutnulation or  
helium bubbles. This scenario could be snpported by the 
experimental rcsiilts ob ta ind  with ilii I<&D hclical mil as 
well as by a douhIc pancake coil, bolh with stainless stecl 
coil-caw. At prcscnl, the helical coils steadily supply fl 
toroidal magnetic field o f  up to 2.75 T b r  confining high 
temperature plasmas in 1-1-ID. 
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